We investigate the two-body reactions KN → KN , KN → πΛ, and KN → πΣ via single-energy partial-wave analyses in the center-of-mass (c.m.) energy range 1480 to 2100 MeV. The partialwave amplitudes for these reactions thus extracted were constrained by a multichannel energydependent model satisfying unitarity of the partial-wave S-matrix. We obtain excellent predictions of differential cross sections, polarizations, polarized cross sections, and cross sections for these reactions from a global energy-dependent solution.
I. INTRODUCTION AND MOTIVATION
Information on hyperon resonances is generally not as extensive as for nucleon resonances. The study of KN → KN , KN → πΛ, and KN → πΣ could lead to the better understanding of Λ * s and Σ * s. Most previous partial-wave analyses (PWAs) of KN → KN , KN → πΛ, and KN → πΣ [1] [2] [3] [4] [5] [6] , were based on the assumption that partial-wave amplitudes could be represented by a simple sum of resonant and background terms. Such an assumption violates unitarity of the partial-wave S-matrix. In this work, we report on our investigation of the reactions
+ via single-energy analyses and a subsequent energy-dependent analysis. All available differential cross section, polarization, polarized cross section, and cross-section data up to a maximum c.m. energy of about 2.1 GeV were fitted. In order to ensure that our amplitudes had a relatively smooth variation with energy, we introduced several constraints that will be described in detail below. The determination of resonance parameters from our subsequent energy-dependent analysis is discussed in Ref. [7] .
II. FORMALISM AND FITTING PROCEDURES
Here, we summarize the formalism for the singleenergy partial-wave analyses. The differential cross section dσ/dΩ and polarization P for unpolarized scattering of spin-0 mesons off spin-1 2 nucleons are given by [8] 
where λ =h/k, with k the magnitude of c.m. momentum of the incoming meson. Here, f = f (W, θ) and g = g(W, θ) are the usual spin-non-flip and spin-flip amplitudes at c.m. energy W and meson c.m. scattering angle θ. In terms of partial waves, f and g can be expanded as
where l is the initial orbital angular momentum, P l (cos θ) is a Legendre polynomial and P 1 l (cos θ) = sin θ · dP l (cos θ)/d(cos θ). The total angular momentum for the amplitude T l+ is J = l + 1 2 , while that for the amplitude T l− is J = l − 1 2 . For the initial KN system, we have I = 0 or I = 1 so that the amplitudes T l± can be expanded in terms of isospin amplitudes as
where T I l± are partial-wave amplitudes with isospin I and total angular momentum J = l ± The total K − p cross section is given by σ total = 4πλ 2 Imf (W, 0), or
where here the T l± are partial-wave amplitudes for elastic KN scattering. The integrated cross section for a particular two-body reaction is
Tables I, II, and III summarize the available quantity and types of data in each energy bin for the three reactions KN → KN , KN → πΛ, and KN → πΣ, respectively. Single-energy fits were performed separately for (i) K − p → K − p and K − p → K 0 n, for (ii)
In each case the available data were analyzed in c.m. energy bins of width 20 MeV. This choice of bin width was appropriate because the data for smaller widths had unacceptably low statistics and for larger widths, some amplitudes varied too much over the energy spread of the bin.
The general qualitative behavior of the partial-wave amplitudes that we wanted to determine is known from earlier partial-wave analyses. Therefore it was convenient to make use of this information in our single-energy fits. In 2007, one of us (J. Tulpan) completed a multichannel fit [28] of published partial-wave amplitudes for KN scattering to several final states, including KN , K * N , K∆, πΛ, πΛ(1520), πΣ, and πΣ(1385). The channels σΛ, σΣ, and ηΣ (for S 11 ) were included as "dummy channels", where σ denotes the broad isoscalar S-wave ππ interaction. Also, ηΛ was included for S 01 . Our fit of S 01 amplitudes included data for σ(K − p → ηΛ) up to a c.m. energy of 1685 MeV (see Fig. 1 ). The dummy channels were channels without data and were included to satisfy unitarity in some partial waves. Tulpan's work resulted in an energy-dependent solution that is consistent with S-matrix unitarity. We refer to his solution as the initial global fit. Within each energy bin, each partial-wave amplitude with a given isospin amplitude was approximated by a first-order Taylor series expansion:
where W is the c.m. energy of the data point in the bin and W 0 is the central energy of the bin. Here, for simplicity T (W ) denotes an isospin amplitude T I l± . The complex T -matrix amplitude T (W 0 ) belongs to the parameter set to be optimized at c.m. energy W 0 , and T (W 0 ) is called the slope parameter. During fits, the slope parameter was held fixed so that the real and imaginary parts of T (W 0 ) were our fitting parameters. During our initial single-energy partial-wave analyses, we calculated the slope parameters T (W 0 ) from the initial global fit and kept these parameters constant in our fits.
Because the database is somewhat sparse, additional constraints were introduced in order to determine partialwave amplitudes with a reasonably smooth variation with energy. To decrease the number of free parameters to be searched, we also held fixed the very small T -matrix amplitudes (those with |T (W 0 )| < 0.05). This constraint is expected to introduce only a small bias to our final energy-dependent partial-wave solution.
As an additional constraint, we held fixed the D 03 amplitudes for KN → KN and KN → πΣ at the values from the initial global fit in the bin with W 0 = 1520 MeV. This constraint was introduced because of the wellknown narrow Λ(1520) resonance, which has a width of only about 16 MeV. Even with this constraint, we ultimately concluded that we could not determine reliable amplitudes in this bin for the reactions KN → KN and KN → πΣ. Finally, in our single-energy fits, we introduced a penalty term to the χ 2 function that we minimized. This penalty term constrained our fitted amplitudes from differing greatly from the values of the initial global fit. For calculating the uncertainties in our single-energy amplitudes, we carried out a zero-iteration fit in which the initial values of all amplitudes were replaced by the values determined by our χ 2 minimization procedure. In the zero-iteration fit, all partial-wave amplitudes except G 17 were treated as free parameters. The G 17 amplitude was held fixed in this procedure to remove the ambiguity in determining the global overall phase of our amplitudes. Spin-9/2 waves were not needed in our solution.
Once we had obtained a complete set of amplitudes for KN , πΛ, and πΣ reactions from our single-energy analyses, we carried out global multichannel energy-dependent fits using a procedure similar to that of Tulpan [28] . The key new ingredient is that our global fit (details of how the partial-wave S-matrix was constructed can be found in Ref. [9] ) used our own single-energy amplitudes for the KN , πΛ, and πΣ channels. For other final states, we used the same input information as Tulpan did from Refs. [6, [30] [31] [32] [33] . We assumed the same uncertainties used by Tulpan [28] for obtaining the inital global fit (±0.025 for KN , ±0.035 for πΛ and πΣ, and ±0.050 otherwise). These uncertainties were necessary because previous published partial-wave amplitudes were without error bars. These uncertainties were estimated by comparing like partial-wave amplitudes from different energy-dependent analyses and estimating the average differences for the real and imaginary parts. The smaller error bars implied the analyses agreed well with each other and the larger error bars implied the analyses agreed less well with each other. 
lists the number of polarization data points for K − p → K − p in each bin, column 5 lists the number of polarized cross-section data points for K − p → K − p in each bin, column 6 lists the number of integrated cross-section data points for
and K − p → K 0 n in each bin, column 7 lists the number of K − p total cross-section data points in each bin, column 8 lists the total number of data points for all kinds of data in each bin, and column 9 lists the references for the measurements referred to in columns 2-5. We reduced the number of free amplitudes for a new set of single-energy solutions. At this stage, our free amplitudes included only S 01 , S 11 , P 01 , P 11 , P 13 , and D 03 . All other amplitudes were held fixed at the values determined from our first new global fit. In addition, the slope parameters were recalculated based on the new global fit and kept constant during this stage of the single-energy analyses. We were able to obtain excellent agreement with the observables. Next, we repeated our global energy-dependent analysis to refit the new set of single-energy amplitudes for S 01 , S 11 , P 01 , P 11 , P 13 , and D 03 . We then compared our new predictions with the observables in our single-energy fits. Still the agreement was less than satisfactory, so we carried out yet another round of single-energy analyses. At this stage, we successfully reduced our free amplitudes to include only S 01 , S 11 , and P 01 . All other amplitudes were unchanged at the values from our last global fit, and slope parameters were again recalculated from the last global fit, and then held fixed in the single-energy fits. 
lists the total number of data points for all kinds of data in each bin, and column 11 lists the references for the measurements referred to in columns 2-8. 
III. RESULTS AND DISCUSSION
The final single-energy fits resulted in an excellent agreement with all observables (dσ/dΩ, P , P dσ/dΩ, and σ) yielding a fairly smooth set of partial-wave amplitudes within the energy range of our analysis. The energydependent solutions were finally used to compare with the observable data. Figures 2 -7 show representative energy-dependent results for the differential cross section of each KN reaction included in our single-energy fits.
The cross sections are shown as a function of cos θ, where θ is the c.m. scattering angle of the meson. Figure 2 shows the comparison of differential cross section data for K − p → K − p with our energy-dependent solution at four lab momenta of 514, 935, 1165, and 1483 MeV. Although the data are from the 1960s and 1070s [2, 11, 16, 22] they are in excellent agreement with our solution. For (Fig. 3) the Crystal Ball data with smaller error bars at P Lab = 514 MeV and 714 MeV are well described by our solution in the forward and backward angles with a slight under fitting in the intermediate angles. The other data [18, 21] at P Lab = 936 MeV and 1434 MeV with larger error bars are in good agreement with our energy-dependent solution. Similarly, Fig. 4 shows the excellent agreement between our solution and differential cross section data at P Lab = 514, 750, 1153, and 1465 MeV for K − p → π 0 Λ. Figure 5 shows a comparison of data from Refs. [11, 15, 16, 25] with our solution for
Except for some under representation of data at P Lab = 1245 MeV we have an excellent agreement with the data. Figures 6 and 7 show an excellent agreement of our energy-dependent solution with the differential cross section data at various lab momenta of kaons for
Figures 8, 9, 10, and 11 show representative energydependent fit results for the polarization in reactions
+ , respectively. The polarizations are shown as a function of cos θ, where θ is the c.m. scattering angle of the meson. Figure 8 shows the excellent agreement of our energy-dependent solution with the K − p → K − p polarization at P Lab = 1383, 1483, 1584, 1684 MeV from Ref. [22] . For K − p → π 0 Λ (Fig. 9 ) our solution is in good agreement with the polarization data at P Lab = 514, 936, and 1165 MeV. Our solution also agrees well the Crystal Ball data at P Lab = 714 MeV at forward angles but there is a slight under representation of data at backward angles. Similarly, Fig. 10 shows a very good agreement between our solution and the K − p → π 0 Σ 0 polarization data within the given uncertainties at P Lab = 514, 581, 687, and 750 MeV, all from Crystal Ball Collaboration. Finally, Fig. 11 shows a comparison of our solution with the K − p → π − Σ + polarization data at P Lab = 862, 936, 1001, and 1125 MeV. Except for small forward angles at P Lab = 1001 MeV, we have good agreement with the data.
Figures 12, 13, 14, and 15 show representative energydependent fit results for the polarized cross section in reactions
The polarized cross sections are shown as a function of cos θ, where θ is the c.m. scattering angle of the meson. Within the uncertainties associated with the polarized cross section data our results are in good agreement with the data for these reactions. Figure 16 shows our prediction for the total K − p → cross section. 
IV. SUMMARY AND CONCLUSIONS
We have investigated KN → KN , KN → πΛ, and KN → πΣ reactions through single-energy analyses constrained by a global unitary energy-dependent fit from threshold to a c.m. energy of 2.1 GeV. We found partial waves up to G-waves necessary to describe the available data for the reactions. This work was motivated, in part, by the relatively recent measurements for
, and K − p → ηΛ by the Crystal Ball Collaboration. We were successful in describing these data in addition to older data from constrained single-energy analyses. The partial-wave amplitudes thus extracted were used in our global multichannel fit. A discussion of the resonance parameters from this global fit, which is the most comprehensive multichannel fit to date for KN scattering reactions, is presented in a separate publication [7] .
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[35] See Supplemental Material at [URL will be inserted by publisher] for data files containing all the single-energy partial-wave amplitudes listed in this paper. Tables IV -VI are shown in Ref. [7] . The amplitudes are also available in the form of data files [35] . 
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